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This leads to premature Cre-recombination, resulting in loss of the replication deficient minicircle due to out-competition by the replication competent and antibiotic resistant bacterial vector (Bigger unpublished) .
We therefore utilised the tightly controlled arabinose expression system (13) (14) (15) , for review see (16) , to create a cre expressing bacterial strain, which is both stable and easily controllable by altering the carbon source available for metabolism by these bacteria.
In order to increase minicircle yield we have improved the kinetics of the cre/loxP reaction by modification of the loxP sites (17, 18) to induce a shift in reaction equilibrium towards increased production of minicircle. This will also serve to reduce concatamer formation from multiple copies of minicircle DNA.
This approach to eliminating bacterial DNA from delivery vectors is also stimulated by our work on the development of expression vectors for use in mitochondrial gene therapy. Our aims is to express an ornithine transcarbamylase gene sequence, modified for mitochondrial translation (sOTC), within mitochondria (19) . Since no vectors exist for mammalian mitochondrial gene expression, we have inserted the sOTC gene between two tRNA genes within the entire mouse mitochondrial genome, cloned into a bacterial plasmid vector for propagation (19, 20) . Due to the rarity of non-coding sequences within mammalian mtDNA the presence of a bacterial vector is likely to be deleterious to either or all of the processes of mitochondrial RNA splicing, replication and transcription. Elimination of the bacterial vector sequences should both overcome this problem and reduce the size of these vectors, increasing the ease of their introduction into mitochondria.
In this paper we describe the construction and testing of a bacterial strain exhibiting tightly controlled and efficient expression of cre recombinase. We have developed this system for DNA minicircle generation using a wide range of producer plasmids designed for both nuclear and mitochondrial gene expression with size ranges of 6 -20 kb. We by guest on July 7, 2017 http://www.jbc.org/ Downloaded from 5 also demonstrate the use of mutant loxP sites to direct the Cre reaction resulting in improved yields of supercoiled luciferase minicircle, as well as showing significantly increased gene expression in vitro of this construct over standard plasmid vectors.
Experimental Procedures
Plasmids, strains and oligonucleotides
Plasmid pBC SK (+) was purchased from Stratagene, Plasmid pDSRed1-N1 was purchased from Clontech. Plasmids p705Cre, pBAD33Cre and pSVpAX1, as well as bacterial strain MM294, were kind gifts from Dr. F. Buchholz -CTCGAATTCA TAACTTCGTA TAGCATACAT TATACGAACG 7 with Klenow, and ligated to form pDlox2. Then a new polylinker formed by the annealing of LINK1 and LINK2 was introduced between the loxP sites of pDlox2 at XhoI to create pDlox3.
Construction of pNIXluc and mutant loxP containing pFIXluc nuclear plasmids
Plasmid pNIXluc was created by the insertion of the BamHI/BglII luciferase cassette from pCIKluc, into the BamHI site of pDlox3. were grown as a 5 ml starter culture overnight at 37°C in LB 1% glucose with Cm, before inoculation of 500 ml flasks. The most successful growth and cre induction conditions were as follows:
Cells were grown overnight in a shaking incubator at 37°C in modified M9 minimal media (with the addition of 0.2% yeast extract) (Difco) supplemented with 0.2% glucose, and 30 µg/ul Cm (Sigma Aldrich). Cells were pelleted at 5000 rpm for 10 minutes before resuspension in 1 volume of modified M9 minimal media. After washing, cells were re-pelleted at 5000 rpm and resuspended in the same volume of cre induction media (modified M9 minimal media supplemented with 0.5% L-arabinose (Sigma Aldrich)), and further grown in a shaking incubator at 37°C for 2 -4 hours.
Technique 2
Cells were grown overnight at 37°C in LB supplemented with 0.5% glucose, and 30 µg/µl of Cm. Cells were pelleted at 5000 rpm for 10 minutes before resuspension in 1 volume of M9 minimal media. After washing, cells were re-pelleted at 5000 rpm and resuspended in the same volume of cre induction media (M9 minimal media supplemented with 0.5% L-arabinose) and further grown in a shaking incubator at 37°C for 4 -6 hours.
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1 litre of cells were treated in 5 mg/ml lysosyme in 40 ml Solution I (50mM glucose, 25mM Tris.Cl pH 8.0, 10mM EDTA), followed by lysis in 80 ml (0.2N NaOH, 1% SDS) and finally neutralised in 60 ml 3M potassium acetate (pH 4.8). The cleared supernatant was isopropanol precipitated and the resulting DNA solution further purified by RNA precipitation in 6M lithium chloride, RNAse treatment and phenol/chloroform extraction (23) . This technique provides very high yields of DNA per litre of culture (~10 mg).
The resulting pool of DNA products, producer plasmid and excised bacterial vector were cut with the triple cutting PvuII for luciferase plasmids and with NotI for mitochondrial plasmids. Undigested supercoiled minicircle could then be density separated from linear producer plasmid and excised bacterial vector on a cesium chloride gradient using the intercalating agent ethidium bromide (24) , or more effectively, propidium iodide.
Removal of cesium chloride was achieved by dilution in 3 volumes of water, ethanol precipitation and two washes in 70% ethanol (25) . Minicircle DNA was run through cation exchange columns AG50W-X8 (BioRad) to remove ethidium bromide or propidium iodide according to manufacturers instructions in order to achieve maximal DNA yield from columns. Significance tests were based on the mean from 6 replicates for each assay. In order to satisfy requirements for analysis of variance (ANOVA), raw data was transformed by taking the Log 10 of each figure. This results in data which are relatively normally distributed (Shapiro-Wilk test) within treatments, with more equal treatment variances.
We have used the analysis of variance to determine the pooled variance for the 9 treatments and subsequently used a method for multiple comparisons based on the studentised range (Q) between means, which is considerably more stringent than either 95% confidence intervals based on 1.96(standard error), or the least significant difference test. Given that all sample sizes are equal between compared treatments (6 replicates each), this determines a critical value (ω) for the difference between the largest and the smallest sample means and applies this to the whole experimental set to obtain a
Results
Creation of a bacterial strain expressing cre recombinase under the control of the arabinose regulon
We modified the vector pBAD33Cre, a direct derivative of the pBAD33 expression vector (26) containing the arabinose control regulon (araC), to create a new cre recombinase expressing bacterial strain ( Figure 1 ).
The plasmid, p705Cre, which also expresses cre recombinase, has a leaky λP R based expression cassette flanked by regions of homology to the bacterial lacZ gene, permitting targeted insertion into the bacterial genome by homologous recombination.
Replacement of the cre expression cassette in p705Cre with the cre/araC expression cassette from pBAD33Cre resulted in the creation of a targeting plasmid pBAD75Cre.
Controlled cre expression from this new plasmid was tested by co-transforming bacteria with pBAD75Cre and the Cre reporter construct pSVpaX1, which uses a convenient lacZ based assay for Cre activity (27) . Growth on LB media containing arabinose led to
Cre mediated excision of a 1.1 kb segment from this plasmid and lacZ inactivation giving white colonies. Growth on media containing glucose led to no Cre mediated excision, thus leaving the lacZ gene intact and resulting solely in blue colonies (not shown). This provides good evidence that plasmid based cre expression from the arabinose regulon is absent on growth in glucose containing media, whilst growth in arabinose containing media (in the absence of glucose) results in successful cre expression.
Targeted cre/araC insertion into the recA+ bacterial strain MM294 using pBAD75Cre
was achieved by successive rounds of targeted recombination and excision at the lacZ 
Construction of minicircle producer constructs
To expedite the process of construct manufacture for both nuclear and mitochondrial expression, a multi-cloning plasmid containing dual loxP sites flanking a polylinker We have previously created a 22 kb construct designed for mitochondrial expression based on the insertion of a modified OTC gene between two tRNA sites within the entire mouse mtDNA (19) (20) (21) . This expression construct is difficult to modify due to its instability (21) and presents problems for introduction into mitochondria by electroporation, due to its large size ( Initial glucose concentrations higher than about 1% also lead to significant inhibition of bacterial growth, as a result of the Crabtree effect (16, 31, 32) , although cre induction is still effectively repressed.
The best growth conditions were obtained using levels of 0.2 -0.5% glucose with any of the media types, striking a balance between bacterial and thus plasmid replication and down-regulated cre expression.
However, growth of MM219Cre cells containing the largest plasmid, pMEV8 (20.7 kb), in LB 0.2%-0.5% glucose leads to a slight induction of cre, minicircle production and subsequent loss of minicircle during growth. Assuming that there is slight cre expression during bacterial growth using low glucose levels, the potential toxicity of the largest mitochondrial construct may help to induce loss of replication deficient minicircle during plasmid replication under chloramphenicol selection.
We do not observe significant minicircle production (and subsequent loss) using the same low glucose media growth conditions in the case of any other minicircle producer constructs. This is in accordance with data on pBAD expression plasmids for which no significant gene induction effects have been observed under similar low glucose conditions (26). By changing media type to modified M9 minimal media, glucose levels could be kept low (0.2%) and still effectively down-regulate cre expression using pMEV8, whilst this richer media type permitted increased plasmid yields over that of minimal media alone.
Following bacterial and plasmid growth, induction of cre recombinase and thus minicircle production used either LB, modified M9 minimal media or M9 minimal media, containing levels of arabinose from 0.2% -2%. Arabinose levels had little effect on overall minicircle yields, whilst incubation times of 4-6 hours produced the greatest yields of minicircle from smaller plasmids (Figure 3a) , and shorter incubation times of 2-4 hours for the largest mitochondrial minicircle mMEV8 (Figure 3b ).
The two best techniques for minicircle production were as follows.
Technique 1: Growth in modified minimal media, 0.2% glucose overnight, washing in modified minimal media and induction for 2-6 hours in modified minimal medium containing 0.5% arabinose.
Technique 2: Growth in LB, 0.5% glucose overnight, washing in minimal media and induction for 4-6 hours in minimal media containing 0.5% arabinose.
Following cre recombinase induction, supercoiled minicircle could be purified away from producer plasmid and excised bacterial vector by restriction enzyme digestion of the latter two forms and purification of supercoiled minicircle using a cesium chloride gradient.
Technique 1 was effective for minicircle production from smaller plasmids, with a purified minicircle yield of up to 200 µg/L culture, as well as being the only effective method for producing yields of 40 µg/L culture of minicircle from the large mitochondrial construct pMEV8.
Interestingly, technique 2 produced slightly higher yields of minicircle using smaller plasmids, but was very ineffective for minicircle production from the larger pMEV8 construct, presumably due to minicircle loss during bacterial growth.
Media step down from rich to minimal medium as observed in technique 2 did not seem to reduce cre expression as might be expected, but contrastingly led to a small increase in yields of supercoiled minicircle.
Creation and testing of a mutant loxP containing construct
Cre recombination may occur between and within minicircle constructs, producer plasmids and bacterial vectors resulting in double, triple etc concatamers as a result of the equilibrium kinetics exhibited by the reaction. Although a significant proportion of the minicircle produced is in the monomeric supercoiled form, reduction of the formation of minicircle concatamers as well as the ability to drive the Cre reaction towards minicircle production, should permit increased yields of minicircle.
Modification of the terminal 5 nucleotides on one side of the loxP site to create left element (LE) loxP sites, or vice versa to create right element (RE) loxP sites, results in a slightly reduced Cre interaction at these sites (17) . Modification of both sides of the loxP site to produce LE/RE double mutant loxP sites results in a severely reduced Cre interaction (17, 18) . Recombination between two partially mutant loxP sites, one LE and one RE, leads to the production of a double mutant loxP site (LE/RE) and an unmutated wild type loxP site (WT) in the two products ( Figure 4 ).
Reverse kinetics in this reaction are extremely poor, due to the reduced affinity of Cre for the LE/RE double mutant loxP site. Thus there is a directed drive towards production of an LE/RE site (17, 18) .
Following this concept we created a producer plasmid to contain a mutant LE loxP site and a mutant RE loxP site flanking the polylinker region (pFIX). The CMV/luciferase cassette from pCIKluc was inserted between the LE and RE loxP sites to create a new minicircle producer vector pFIXluc. Growth and induction of this producer plasmid pFIXluc using technique 2 resulted in increased levels of monomeric minicircle compared to excised bacterial vector ( Figure 5 ). Since the construct has been designed such that the minicircle mFIXluc always contains the LE/RE double mutant loxP site, this is probably a result of reduced minicircle concatamerisation and a shift in equilibrium towards minicircle production. This results in a significant increase in overall yield of mFIXluc minicircle over pFIXluc to 300 µg per litre of bacterial culture. 
Gene expression in vitro using luciferase minicircle constructs
In order to test the versatility of luciferase expression from our latest nuclear minicircle within mammalian cells, we chose to perform three comparative tests using lipofectamine complexed to DNA to obtain cellular transfection. In each test we compared luciferase minicircle mFIXluc with its parent plasmid pFIXluc, as well as with the original plasmid from which pFIXluc was derived (pCIKluc), all of which contain a luciferase cassette driven by a CMV promoter. Treatment regimes over 6 replicates for each construct are summarised in Table 1 and Figure 6 . 
Discussion
We describe the creation of a bacterial strain expressing cre recombinase under the tight control of the araC regulon, which can be used to produce large quantities of DNA minicircle in vivo. We have also developed a range of minicircle constructs for both mitochondrial expression of sOTC and for nuclear luciferase expression. In addition we demonstrate both effective and substantially increased luciferase expression from nuclear minicircle constructs over both parental plasmids Previous techniques for minicircle production (34-36), have used bacterial phage λ integrase mediated recombination to produce minicircle DNA. This system results in attL or attR excision sites of 100 -165 bp, following recombination (37). By contrast, the Cre mediated recombination system employed here results in a recognition site of only 34 bp (9-11), thus producing a minimal construct size.
Yields of over 300 µg of purified minicircle per litre of culture are sufficient for most in vitro and in vivo applications, whilst further scale up and optimisation of the process seems likely to be relatively straightforward.
The mitochondrial minicircles eliminate bacterial sequences which may be able to act specifically as potential mitochondrial origins of replication (38), or break-points for transcription. However, we cannot be sure that even a 34 bp loxP site insertion into gene junction sites will not disrupt transcription and maintenance of these constructs in mitochondria.
Although the reduced size mitochondrial constructs pMEV46 and pMEV88, made by gene deletion present additional concerns for stability in organello, the minicircle constructs resulting from these producer plasmids (mMEV46, mMEV88) are now of a size which should enable their electroporation into mitochondria (28). We are currently investigating the internalisation and functionality of these mitochondrial constructs. b) Log 10 transforming data from luciferase activity provides a method for satisfying the conditions required to perform analysis of variance (normality of data and equal variances). In this case F is extremely significant at p≤1.7x10 -18 . We have then used the studentised values of Q to perform a multiple comparisons test between any two pairs of means from these values. The resulting bar shows the minimum distance required between any two means for at least 95% confidence in a significant difference. We can see that comparative increases in luciferase activity from minicircle over either pFIXluc or pCIKluc within each treatment are significant at this level (p≤0.05) in all cases.
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